We investigate the generic properties of optical cavities with subwavelength structured mirrors whose reflectivity profile exhibit Fano resonances. We focus in particular on short microcavities and mirrors with high quality factor Fano resonances for which the cavity free-spectral range becomes larger than the width of the Fano resonance. In this unusual regime, the transmission spectrum of the microcavity essentially consists in a single mode, whose linewidth can be substantially reduced as compared to both the Fano resonance width and the linewidth of an equally short cavity without structured mirror. The robustness of these narrow transmission features with respect to wavefront curvature and imperfect parallelism effects suggests that such microcavities could be realized in practice using suspended structured thin films in a simple plane-parallel geometry, and could have interesting applications for optomechanics and sensing applications.
Interference effects in structured thin films are widely exploited in photonics to tailor the properties of integrated optical elements. Of particular interest are thin films patterned with subwavelength structures, such as high-contrast gratings [1] or photonic crystals [2] . There, interference between modes propagating through the film and transverse guided modes result in the appearance of Fano resonances [3] , which can bring about remarkable optical properties, such as broadband high-reflectivity or transmittivity, or the appearance of high quality factor resonances. Such features can be exploited for realizing a wide range of integrated photonics components, e.g., optical filters [4] , couplers [5] , reflectors [6] , lasers [7] , detectors [8] , sensors [9] , etc.
While such subwavelength structured films inherently display Fabry-Perot-type interferences [10] , they are typically integrated with standard optical elements, e.g. in linear FabryPerot resonator configurations in order to enhance their spectral selectivity, detection sensivity, or the strength of the lightmatter interaction [1] [2] [3] .
In this Letter, we investigate microcavities with suspended subwavelength structured mirrors and focus in particular on the regime in which the microcavity free-spectral range is larger than the width of a Fano resonance of the highly reflecting structured mirror. In this unusual regime, the transmission spectrum of the microcavity essentially consists in a single mode, whose linewidth can be significantly narrower than either the Fano resonance linewidth or the linewidth of an equally short cavity without structured mirror. We show for instance that few-micron long resonators with a Fano mirror with a moderately high Q resonance of a thousand and having finesse of a few hundreds at µm wavelengths can display GHz-wide transmission features. This generic interference effect occuring in any Fabry-Perot resonator with a strongly wavelength-dependent mirror could thus be exploited to enhance the spectral resolution of microcavities without increasing their modevolume [11] . Furthermore, these remarkably narrow linewidths are shown to be reasonably robust with respect to wavefront curvature and imperfect parallelism effects, so that such microcavities could be realized in practice * Corresponding author: dantan@phys.au.dk in a plane-parallel geometry, without resorting to optical elements with short focusing abilities [12] [13] [14] [15] . The combination of ultrashort cavities with low-mass and high-mechanical quality suspended structured thin films [16] [17] [18] [19] [20] would be particularly interesting for optomechanics [19, [21] [22] [23] and sensing [15, 24] applications. Furthermore, realizing such microcavities by integrating the structured mirror in a fiber-optic Fabry-Perot interferometer would be an interesting alternative to fiber sensors with in-fiber embedded Bragg gratings [25] . Idealized 1D model -We start by considering an idealized one-dimensional scattering model, in which the optical resonator consists of two parallel, absorption-free mirrors ( fig. 1 ): a highly reflecting mirror with amplitude transmission and reflection coefficients r and t, and a "Fano" mirror, whose reflection and transmission coefficients result of the interference between the direct transmission through the slab and a guided transverse mode [26, 27] 
where t d and r d are the normal incidence transmission and reflection coefficients, and γ the width of the transverse guided resonance mode with frequency ω 0 . This coupled-mode model is known to accurately reproduce the Fano resonances typically observed with subwavelength high-contrast grating (HCG) or photonic crystal structures [2, 3] , and can thus be used as a simple basis to discuss the physics of Fano mirror resonators. For convenience, we start by modelling the mirrors as infinitely thin 1D scatterers, characterized by their
, respectively. We assume that the highly-reflecting mirror polarizability ζ does not significantly vary over the frequency range of interest, while the frequency dependence of ζ g (ω) is prescribed by eq. (1). Denoting by l the cavity length, the overall transmission of the optical resonator is then given by
To simplify the discussion we assume that the cavity length l is chosen such that the guided mode resonance frequency ω 0 coincides with one of the bare optical cavity resonance frequencies, satisfying ω 0 = (c/2l)(2πp + arctan(1/ζ)), with p an integer and c the speed of light in vacuum. We also assumed r g and t g real for simplicity, and take ζ(ω 0 ) ∼ ζ in order to mimic a symmetric cavity. Depending on the ratio of the free spectral range γ FSR = c/(2l) and the width of the subwavelength structured mirror resonance γ, two regimes can be considered. Typically, "long" cavities and mirrors with relatively broad Fano resonances and γ FSR γ and exhibit, within the bandwidth of the Fano resonance, Lorentzian cavity resonances with a linewidth given by the "bare" cavity linewidth κ = γ FSR /πζ 2 (for ζ 1). By the "bare" cavity we refer here to a cavity having the same length, but for which both mirrors have a frequency-independent polarizability ζ. This regime is illustrated in Fig. 2a for a ∼ 200 µm-long cavity consisting of a highly reflecting mirror with |r| 2 = 0.99 and a Fano mirror with an optical resonance around 940 nm having a Q-factor of 20, resulting in a ratio γ = 5γ FSR . The spectrum indeed exhibits cavity modes with linewidth κ around the Fano mirror resonance, while modes with larger linewidth and lower peak transmission are observed away from ω 0 due to the decrease in reflectivity of the Fano mirror.
However, for a short enough cavity, such that γ FSR γ, the cavity spectrum consists in one mode only, having a resonance frequency close to ω 0 . Remarkably, the linewidth of this mode can be much narrower than both the bare cavity linewidth κ and the Fano mirror resonance width γ. Assuming ζ g (ω 0 ) = ζ 1, the transmission around resonance can be shown to be approximately given by
where δ = (ω − ω 0 )/γ and F ζ 4 is the coefficient of finesse of the bare cavity. The resulting Fano resonance profile displays a linewidth γ/ √ F, which is narrower than that of the Fano mirror by a factor given by the coefficient of finesse of the cavity. This effective narrowing in presence of the highlyreflecting cavity mirror can be understood by realizing that, even though the Fabry-Perot resonator only possesses one resonant mode, constructive interference occurs only for photons whose frequency detuning after ∼ √ F roundtrips from the Fano resonance frequency is less than γ. Figure 2b shows the transmission of an 8.5 µm-long cavity with a Fano mirror with Q ∼ 10 3 , such that γ = γ FSR /100. The resulting transmission linewidth is ∼ 10 pm, substantially narrower than the bare cavity linewidth of 0.26 nm and the Fano mirror width of 1.04 nm, and its profile is seen to be accurately reproduced by eq. (3).
Full 1D model -In order to confirm the findings of the infinitely thin scatterer model we numerically simulate the transmission spectrum of a cavity similar to that of Fig. 2b , consisting in a HCG and a multilayer Bragg mirror as in Fig. 1 . We base ourselves on the subwavelength grating structures patterned on suspended sillicon nitride films [16, 22] , but note that similar results could readily be obtained with photonic crystal structures [15, [17] [18] [19] [20] 28] . We consider a 200 nm-thick silicon nitride slab (refractive index n = 2.0), in which a high contrast grating with a period of 779 nm and 705 nm-wide, 50 nm-deep rectangular grating fingers is etched, in combination with a Bragg mirror consisting in 18 alternate layers of SiO 2 (n = 1.455) and Ta 2 O 5 (n = 2.041) with π/2 thickness, and simulate the field propagation using the finite element modeling software Comsol using periodic Floquet boundary conditions. In this way, we realistically simulate a Fano mirror and a highly-reflecting mirror with parameters close to those of Fig. 2b . For a cavity length of 8.59 µm, a ∼ 6 pm-wide (∼ 2 GHz) transmission line is obtained (Fig. 2c) , thus supporting the previous analysis. Let us also point out that the numbers chosen in this example for the reflectivity level (99%) and optical quality factor (10 3 ) of the Fano mirrors are quite realistic experimentally [16, 19] . Substantially narrower linewidths could in principle be obtained, were one to use even more reflecting mirrors [20, 22] and/or ultrahigh-Q Fano resonances [4, 9] .
Transverse effects -We now address effects going beyond the 1D scenario and start by investigating the effect of the incoming field transverse wavefront on the microcavity linewidth. For perfectly parallel plane mirrors, taking the wavefront curvature into account sets a fundamental limit to the achievable finesse and linewidth of the resonator. Such wavefront effects are particularly relevant for Fano mirrors whose structured area is relatively small, thus constraining the incoming beam size to avoid diffraction losses and, thereby, increasing the beam divergence inside the microcavity. For the sake of concreteness we assume an incoming Gaussian TEM 00 mode having its waist w 0 at the Fano mirror. We take w 0 to be much smaller than the structured area in order to neglect trivial diffraction effects. Under these assumptions the outgoing field amplitude after the highly reflecting mirror is given by an infinite sum of reflected components
where 2 and ψ(z) = arctan(z/z R ) are the standard Gaussian beam parameters. The relative transverse dephasing and reduction in reflectivity, which increase for each roundtrip, will obviously lead to a broadening of the spectrum and reduced cavity transmission, as compared to those observed in the idealized 1D plane-wave model. The normalized cavity transmission T = ∞ 0 |E(r, l)| 2 2πrdr is plotted on Fig. 3 for the same cavities as in Fig. 2 and for two different waist sizes of 20 and 50 µm. Figure 3a shows that the transmission of the long cavity is substantially broadened and reduced, even for the larger waist of 50 µm which corresponds to a Rayleigh range of 8 mm. In contrast, the linewidth of the short cavity is only slightly affected by wavefront curvature effects (Fig. 3b) . This highlights another practical benefit of ultrashort Fano microcavities, for which ultranarrow transmission lines can be obtained even without resorting to Fano mirrors with focusing abilities [12] [13] [14] [15] . Another transverse effect worth investigating is the sensitivity of the microcavity linewidth with respect to imperfect parallelism between the mirrors. We still assume that the previous Gaussian mode impinges at normal incidence (zdirection) on the Fano mirror, but now the highly reflecting mirror makes an angle with the Fano mirror plane in the, say, x-direction. Following the approach of Ref. [29] , geometrical considerations for the reflected field amplitudes lead to an outgoing field amplitude after the highly reflecting mir-ror given by
where E n (x, y, z) = E in (x cos(2n ), y, z + x sin(2n )) √ cos(2n ) is the field amplitude having experienced a wavefront tilt by 2n , x n = l/ tan( )(1/ cos(2n ) − 1) is the transverse walk-off of the n-th outgoing beam, z n = l tan(2n )/ tan( ) is the distance travelled by the n-th outgoing beam with reference to the direct transmission beam (n = 0). E in is the incoming Gaussian modefunction at the Fano mirror. Figure 4 shows the resonance linewidth and resonant transmission levels of the previous 8.5 µm-long cavity with a Q = 900 Fano mirror resonance, for an incoming beam waist of 20 µm and for tilt angles which are achievable by, e.g., assembly of commercial silicon nitride membranes [30] . The linewidth broadening and resonant transmission reduction are consistent with the observation that, for small tilt angles, tilt-induced beam walkoff corrections scale as F( /θ) 2 , where θ = λ/πw 0 is the Gaussian beam divergence [30] . For a given degree of parallelism and cavity finesse, there generally exists an optimal waist size which minimizes the linewidth, as too large a beam increases the dephasing due to the tilt-induced beam walkoff, but too small a beam results in stronger wavefront effects. Let us finally note that these effects, in particular for high-finesse cavities, would be mitigated by the use of Fano mirrors with focusing abilities [12] [13] [14] [15] . To conclude, we investigated the generic transmission properties of a linear Fabry-Perot resonator incorporating a Fano mirror with a strongly wavelength-dependent reflectivity, such as can be realized with high-constrast gratings or two-dimensional photonic crystals. We showed in particular that enhanced spectral resolution can be achieved with ultrashort microcavities using suspended structured membranes in a simple parallel-plane geometry and for realistic parameters. Cavities with vibrating Fano mirrors would be particularly interesting as integrated devices for photonics and optomechanical sensors, and, if further combined with electrical actuation [31] , for nano-electro-optomechanics [32] .
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